Temporal changes in carboxylate content of ryegrass with stepwise change in nutrition by Dijkshoorn, W. et al.
Plant  and Soil XX IX ,  no. 3 December 1968 
TEMPORAL CHANGES IN 
CARBOXYLATE CONTENT OF RYEGRASS 
WITH STEPWISE  CHANGE IN NUTRIT ION 
by W. DIJKSHOORN, D. J. LATHWELL,* 
and C. T. DE WIT 
Institute for Biological and Chemical Research on Field Crops and Herbage, 
Wageningen, Netherlands 
INTRODUCTION 
Statement o/ the problem 
In the introductory sections the principle mechanisms that may 
supply the growing plant with carboxylates in the tissues are out- 
lined. 
The experimental section will be concerned with the particular 
role of nitrate utilization; proposed schemes for production, break- 
down, and migration of carboxylates; and the origin of constancy 
of the carboxylate concentration i the dry matter of ryegrass 
grown under appropriate conditions. 
Ionic constituents in plant tissues 
In  most  plants grown under common condit ions of nutr i t ion the sum of 
equivalents: K+ + Na+ + lVfg++ + Ca++ = C is practical ly equal to the 
total  amount  of cations in the tissues. 
Wi th  adequate supply more ni trate and sulphate anions are absorbed than 
can be metabolized. This excess is retained by the plant in the ionic form and 
contr ibutes to its inorganic anion content.  Absorbed chloride is stored un- 
changed as the anion. 
Since tissue pH is normally between 5 and 6, monovalent  phosphate domi- 
nates. A large proport ion of the absorbed phosphate is esterified to form or- 
ganic phosphates,  but  only one or two of the acid functions of phosphoric 
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acid are involved and the ionic state of monovalent  phosphate is hardly 
changed by metabolism. Thus it is convenient o group total  phosphate 
under the inorganic anions. 
The sum of equivalents: NO~- + C1- q- H2PO~- (from total  P) + SO~ is 
named the inorganic anion content A. 
Usually C is about 1.8 and A about 0.8 equivalents per kg dried ryegrass 
foliage. The excess of cations, (C-A), is balanced by carboxylate anions formed 
by the tissues. About  90 per cent of the excess, (C-A), is accounted for by the 
salts of the soluble plant organic acids: malate, citrate, oxalate, suecinate 
etc. ; the remainder is related to polyuronic acids 21 
With tissue pH between 5 and 6 all these ionic constituents are present in 
the form of their salts and free acids are absent. While free amino acids occur 
at about 0.1 equivalent carboxyl, they are balanced as zwitterions 21. 
Sources of carboxylates in plant tissue 
One source of carboxylates in plant tissue is absorbed bicarbonate. Tile 
excess of iK+ absorbed from potassium salts by storage tissue is balanced by 
uptake of HCO~- 9 10 which is transformed into carboxylate 1 s. Thus, car- 
boxylate synthesis is the result of cation uptake 14, rather than organic acid 
synthesis being the cause of cation uptake by exchange of H+ for salt cations 
from the medium. From effects of pI-t it has been inferred that  in growing 
plants, bicarbonate also may contribute to anion absorption and is trans- 
formed into carboxylates by the tissues 11 
In excised roots 1~, storage tissue 1~ 2% and roots of intact plants 1, ab- 
sorbed labelled bicarbonate was recovered as malate, and to a smaller extent 
as other carboxylates. Tile high carboxylate content characteristic of plants 
exhibiting l ime-induced ehlorosis has been related to bicarbonate absorp- 
tion 19. 
Uptake of K + and Br -  by excised barley roots increased with increasing 
concentration i the medium. With calcium bromide, tile uptake of Ca ++ was 
very small and constant, while the greater uptake of Br -  was not influenced 
by its concentration i  the medium ~a. Anion uptake, unbalanced by cation 
uptake, results from release of HCO~- by the tissue ill exchange for the anion 
from the medium. The source of endogenous bicarbonate is carboxylate in the 
tissue 6. With calcium bromide, Br -  uptake was apparently restricted by 
shortage of carboxylates in the tissue indicating that sufficient carboxylates 
are required to initiate uptake of anions. 
Another source of carboxylates in plant tissues is the metabolic onversion 
of nitrates and sulphates into non-ionic organic N and S. Reduct ive metabo- 
lism results in the transfer of their ionic charges to bicarbonate anions. In  
balance with the cations K+, Na+, Mg++, or Ca ++ there is equivalent forma- 
tion of carboxylates of these cations, the bicarbonate formed being fixed as 
carboxylate 5 
With nitrate in the supply, substantial amounts are absorbed, transferred 
to the leaves, alld metabolized to support growth. Nitrates serve as the main 
source of carboxylates in the shoot. I t  has been reported that  N moves up the 
xylem mainly in the organic form 2 a, but  with nitrate as the only source of N 
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it is the dominant form of N in the xylem liquid 15. Therefore, at least in the 
gramineous plants, absorbed nitrates are metabolized in the foliage and not in 
the roots. 
Metabolism of sulphate proceeds in proportion to that of the nitrate ions 
at a rate of 0.06 equivalents per equivalent of nitrogen 7. This small quantity 
can be ignored for the present purpose. 
Sinks o/carboxylates in the plant 
The foliage of ryegrass grown with sufficient nitrate and other essential 
nutrients contains 2.5 equivalents of organic N (expressed as the equivalents 
of nitrate), and usually about 1 equivalent of carboxylates per kg of dry 
material. 
If H+ ions were absorbed at a rate of 1.5 equivalents per kg of dry matter 
produced, this would account for the neutralization of its equivalent of the 
HCO~- replacing nitrate in the metabloism. The production of carboxylates 
would then be diminished from 2.5 to 1 equivalent per kg dry matter. 
With nitrate metabolism located in the foliage, the xylem system would 
carry H+ upward together with ions from the supplied salts. Assuming a 
transpiration stream of 250 liters for each kg of dry material produced, there 
would be 6 me of titratable H+ per liter of xylem liquid. In view of the acidic 
nature of xylem sap 12 this value seems possible. The present authors found 
up to 10 me H+ per liter of exudate from detopped wheat plants grown with 
sufficient nitrates ill the culture solution. Potassium concentrations were 
found recently to be the same ill exudates and ill the xylem liquid in intact 
plants 4, but no data is available for all ionic constituents. 
There is, however, another possibility which involves the complete trans- 
port system. Let the nutrient ions moving up the xylem have equality of salt 
cations and salt anions, as does the neutral solution of the various salts 
supplied with the culture solution. With 2.5 equivalents of nitrate per kg dry 
matter metabolized to organic N, 2.5 equivalents of carboxylates of the 
absorbed cations would be produced in the foliage. This value of equivalents 
in excess of the value normally found must be removed from the foliage by 
downward passage through the phloem system with the other assimilates to 
the roots. 
There is no data on phloem-sap composition ill gramineous plants but it has 
been reported that the phloem sap of willow contained potassium carboxyl- 
ates in amounts of 3 equivalents per kg of dry phloem-sap material iv. In the 
experiments with ryegrass the shoot : root dry weight ratio was 5, so that for 
each kg of shoot dry weight 0.2 kg of dry matter moved down the phloem to 
build up the root system. According to the above value of 3 equivalents per kg 
dry phloem-sap material, 0.6 equivalents of carboxylates may have thus been 
exported from the foliage for each kg of dry matter retained by the shoot. 
This value is less than one half of the 1.5 equivalents predicted by the bal- 
ance. 
An intermediate scheme, accounting for both the entrance of H+ through 
the xylem, and removal of carboxylates by phloem transport seems more 
acceptable. Analysis of detopped wheat plant exudates howed the presence 
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of 0.8 equivalents of It+ for each 2.5 equivalents of NO~- in the xylem liquid. 
Upon metabolism, this acidity would diminish carboxylate production to 1.7 
equivalents per kg dry matter in the foliage, which is 0.7 equivalents in excess 
of the normal value. The rate of removal of carboxylates from the foliage 
would then be 0.7 equivalents per kg dry weight of shoot, which is of the same 
magnitude as the value obtained above from phloem sap composition and dry 
matter distribution. 
If the carboxylates were to remain inside the roots there would be a car- 
boxylate concentration i  the root tissues of 0.7/0.2 = 3.5 equivalents per kg 
dry matter. Actually, the concentration is about 0.5 equivalents per kg dry 
matter, since there is decarboxylation with release of HCO~- to the medium in 
exchange for other NO~-. This moves with the potassium retained by the 
plant into the xylem system and is transferred to the shoot. There, it is 
metabolized to organic N, producing carboxylates, the excess again being 
removed by phloem transport as potassium carboxylates. 
Potassium then functions as the vehicle for the internal circulation of 
nitrate and carboxylate anions: it moves fast enough from xylem to phloem 
to permit unrestrained migration of its salts s. The above data on composition 
of xylem and phloem liquids and on dry matter distribution made it appear 
that the translocation system is able to cope with the quantities involved. 
Constancy o/carboxylate concentration and effects o/supplied salts 
When grown with nitrate and sufficient other essential nutrients, there was 
no change ill the carboxylate concentration ill the dried foliage of ryegrass 
with considerable variations in the water content of the fresh material due to 
plant age ~4, change ill temperature ~4, and change in nitrate content 2t. The 
total salt concentration i  the dry matter, being numerically equal to C, 
varied considerably with the fresh weight per unit dry weight 21. Fig. 1 
illustrates constancy of (C-A) on dry weight and of K content on the tissue 
water during the hourly fluctuations in potassium and nitrate concentrations 
in barley plants kept in a climate room. 
The carboxylate concentration i plants supplied with Ca and the other 
essential nutrients but no K is low since the slow absorption does not permit 
the accumulation of sufficient cations C. 
When chloride is supplied, the inorganic anion content A is raised since it is 
readily absorbed but retained completely in the ionic form. The carboxylate 
concentration is consequently ow. 
With ammonium, organic N is as high as with nitrate since ammonium is 
also readily absorbed and metabolized by new growth. When the total 
number of absorbed equivalents of cations, including ammonium, and of 
anions is considered; it appears that the cations are absorbed in substantial 
excess of the anions from the supplied salts. This excess is taken up with 
bicarbonate. The NH4+ balanced by HCO~- is metabolized to organic N with 
no residual equivalents. More commonly, HCO~- is absorbed in excess of NH + 
and this excess is in balance with the cations, C, accumulating as carboxylates 
of these cations 21. This is the only source of carboxylates in ammonium 
supplied plants. Their rate of formation is slow in this instance and the plant 
carboxylate content is low. 
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Fig. 1. F luctuat ions  in potassium, carboxylates (C-A), and n i t rate  anion 
concentrat ions in me/kg d.m. (solid symbols) and in me/10 kg t issue water  
(open symbols) in the shoots of young bar ley p lants  grown in a cl imate room 
on complete nut r ient  solut ion wi th  n i t rate  as N source, P lants  harvested at  
intervals  of 1.5 hours dur ing a period of 23.5 hours. Squa~'es : K; circles : (C-A) ; 
triangles: nitrate.  Tissue sap remained at  p i t  6.0 throughout .  ((C-A) was more 
constant  in the dried material ,  K more so in the tissue water). 
All the evidence discussed thus  far came from exper iments  wi th  p lants  
grown from the beginning of regrowth with one t reatment  solution, and for 
one fixed period, viz 3 or 4 weeks s4 
The present research concerns a more dynamic experimentation 
with change in treatment during regrowth and periodic analysis to 
study transitional phenomena. 
EXPERIMENTAL 
Perennia l  ryegrass was grown in the garden. For  each exper iment  a port ion 
was dug out, adher ing soil and dead p lant  par ts  removed, and the p lants  
t ransferred to solut ion culture, The p lant ing  was made uni formly to reduce 
differences between pots. The grass was cut back, 6 l iters of nut r ient  solu- 
t ion were added to each pot, and the pots placed in the greenhouse. 
The nut r ient  solut ion was designed to obta in  p lants  of the composit ion 
desired. After  suff icient new growth the p lants  were t ransferred to the test  
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solution, composed of a salt mixture expected to reverse plant composition. 
Trace element supplements were added to all solutions. 
To cope with expected shortages, the solutions were occasionally renewed. 
Plant analysis howed that in some of the experiments his had not been made 
frequently enough. The level in the solution was maintained by adding 
demineralized water daily. 
Changes in plant weight and composition were followed by harvesting 
single pots at preset intervals of one or a few days. The plants were divided 
into roots and shoots, the dry weights recorded, and the material ground and 
analysed. 
If the tissue is ashed, carboxylates and nitrates are replaced by oxides. If 
standard acid is added in excess, the ash dissolves and part of the acid is 
neutralized by the oxides. The excess acid can be titrated with standard 
sodium hydroxide. Subtraction of this value from the amount of standard 
acid originally added gives the ash-alkMinity, which is equal to the number 
of equivalents of carboxylates plus nitrates in the tissue sample. 
When another sub-sample is analysed for nitrate and the number of nitrate 
equivalents i subtracted from the ash-alkalinity, a value is obtained for the 
carboxylate content, (C-A), of the tissue. 
This procedure for (C-A) has been compared with e more laborious analy- 
sis for the separate ions and calculations of C, A, and (C-A) 2~. Since the differ- 
ence between the two was small, the former procedure was adopted here as a 
more rapid means of testing the large number of samples. 
To determine ash-Mkalinity 0.5 gram of the dry, powdered plant material 
was ashed in a porcelain crucible at 550°C for 3 hours. The free-flowing, grey 
ash was moistened with water and transferred with more water to a volmne- 
tric flask. Ten ml of standard 0.1N HC1 were added and CO2 was removed by 
bringing to a boil. The solution was then cooled and made up to 100 ml and 
filtered. Fifty ml of the filtrate was titrated with standard 0.1N NaOt-I to 
pH 5. Since phosphate was low compared with ash-alkalinity, the titration 
curves were steep enough for titration. At p i t  5 the first acid function of 
phosphoric acid is included as it was in the calculation of (C-A) from analyses 
for the ionic constituents a 
Another sub-sample of the plant material was analysed for nitrate using a 
xylenol procedure. The value for nitrate in me/gram dry matter was sub- 
tracted from the me. ash-alkalinity/gram dry matter and the result was 
recorded as the carboxylate content (C-A). 
Other sub-samples were analysed for total N by the Kjedahl procedure in 
the prescence ofsalicylic acid for the complete recovery of nitrate as ammonia. 
From this value, expressed as its ion equivalent of nitrate, nitrate was sub- 
tracted to obtain organic N in me/gram dry matter. In addition, sub-samples 
were analysed for K and, occasionally, C1. 
The results were expressed in milliequivalents of the various constituents 
in the whole plants per pot, and plotted against the corresponding whole- 
plant dry weights in grams per pot. Points along a straight line through the 
origin reflect proportionality between the two and hence constant concen- 
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t ra t ion  in the dried whole-p lant  mater ial .  In  the graphs lines have been drawn 
for reference at  constants  of 0.25, 0.50, 1, and 2 me per gram dry  matter .  
Disproport ional  slopes measure changes in concentrat ion  in the dry whole- 
p lant  mater ial .  
The dry  weights also were p lotted against  ime in days on the test  solution. 
Where  changes in composit ion of root and shoot had to be compared, the 
concentrat ions in me/kg dry mat ter  were plotted against  t ime on the test  
solution. 
The var iat ions in p lant  weight were par t ly  due to some lack in uni formity  
of p lant ing between pots. Where  potass ium was not  added to the test  solution, 
all values were recalculated to the same p lant  potass ium value per pot  to 
reduce scatter ing of the observat ions.  
RESULTS AND DISCUSSION 
Plants normal in carboxylate and high in organic nitrogen con- 
tents were obtained by first exposing them to a nutrient solution 
with nitrate and other nutrients in adequate supply. After some 
regrowth this solution was replaced by a test solution with Ca in 
place of K and C1 in place of NO3. The results are shown in Fig. 2. 
grams d.m, 
140 
120 
100 
80 
60 
40 
20 
0 
20 15 
days  ( 
!! !r 
I I  /I 
/ I K 
I 
-- X 
o2s / i 
/! 0,5 ~i ~ 
'@2q  g 
5 O 10 20 30 
grams d.m. 
. . . . . . . .  ~-  140 
I.~ ; . I I zIz120 
/ I / !  . . . . .  
"- . . . . . .  / , ' 100 
/ °'(c-A) I ~ i  ~ 
/ ' E i ]  / . /  , ,  ' I a° 
, l i  i o  
40 50 6'0 70 80 ' 90 100 110 120 
• mil.l.iequivaLents 
Fig. 2. Effect on ryegrass of replacing n i t rate  and potass ium in the supply by  
calcium and chloride. P lants  t ransferred from complete nut r ient  solution 
wi th  n i t rate  as N source to a test  so lut ion wi th  7 me Ca; 7 me IVrg; 10 me C1; 
2 me SO4 and 2 me H2PO4 per liter. Relat ions between mil l iequivalents 
whole-p lant  organic iN (No) , carboxylates (C-A), and grams dry weight  per pot  
dur ing 20 days on test  solution. Triangles; organic N:  circles; carboxylates.  
The le/t-hand section shows dry  weight of whole p lant  versus t ime in days on 
test  solution. 
All values were standar ized on 30 me E which was near  to the average 
quant i ty  of K ill the plants.  
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During the first 6 days the quantity of organic nitrogen in the 
plants increased by about 15 me per pot as a result of metabolism of 
the nitrate still present in the tissues at the beginning of the test 
period. The cations, initially matched by nitrate, were retained as 
carboxylates, and the quantity of carboxylates rose also by about 
15 me. During this equivalent formation of organic N and carboxyl- 
ates the plants maintained their normal carboxylate concentration 
in the dry material of nearly 1 me per gram, as shown by the location 
of the points along the corresponding straight line through the origin. 
Owing to exhaustion of tissue nitrate, organic N formation ceased 
at a final level of about 85 me per pot. The quantity of carboxylates 
continued to increase until the end of the test period, the total in- 
crement was 35 me. which was 20 me. in excess of the 15 me of meta- 
bolized nitrate. For the reasons given in the Introduction, this excess 
came from uptake and utilization of bicarbonates from the test 
solution. 
The change in slope of the curve shows that after exhaustion of 
tissue nitrate, accumulation of carboxylates was retarded relative 
to dry matter production. Although during the initial nitrate meta- 
bolism carboxylates were retained by the tissue in concentrations 
of 1 me per gram, the further new growth retained only 0.25 me per 
gram dry matter. The carboxylate concentration i the whole plant 
fell, therefore, from the initial normal value of 1 me per gram, to the 
subnormal value of 0.5 me per dry matter. 
The experiment shows that nitrate metabolism is an effective 
source of carboxylates, but that after its removal carboxylate for- 
mation may continue by uptake and utilization of bicarbonates, 
even when K is replaced by Ca and nitrate by chloride in the supply. 
The latter process, however, is too slow to keep pace with growth 
and the carboxylate concentration i  the dry matter of the whole 
plant falls progressively to lower values. 
On transferring plants to a solution with ammonium chloride and 
no K, carboxylate formation was completely suppressed. Such 
results are shown in Fig. 3. During the test period the amount of 
carboxylates did not increase. Since the resultant new growth in- 
creased the plant dry weight by a factor of nearly 3, the carboxylate 
concentration i the dried plant material fell from its initial value 
of nearly 1 to the very low value of 0.35 me per gram dry matter. 
The large increment in organic N showed that the ammonium 
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Fig. 3. Effect on ryegrass of replacing potassium and nitrate in the supply 
by ammonium and chloride. Plants transferred from complete nutrient 
solution with nitrate as N source, to a test solution with 5 me NH4; 1 me Mg; 
0.3 me Ca; 5 me C1; 1 me SO4; 0.3 me H2PO4 per liter. 
All values standarized on 40 me K in whole plants, which was near to the 
average. 
supplied was effectively utilized. The location of the curve, indicated 
fairly high N concentrations were maintained uring the entire test 
period. During the first 6 days the plants lost some 15 me of car- 
boxylates owing to decarboxylat ion as a response to the acidity 
released in the tissue by metabolism of ammonium absorbed in 
balance with unmetabolized anions. During this period the in- 
crement in organic N was 50 me. The difference of 35 me ammonium, 
utilized in excess of decarboxylation, came from ammonium ab- 
sorbed and metabolized in balance with bicarbonate. 
The subsequent change ]n slope of the curve showed that ammo- 
nium util ization became retarded relative to the increment in dry 
weight. An insufficient ammonium supply evidently occurred be- 
cause the test solution was not renewed frequently enough to meet 
the maximum demand for nitrogen during the entire test period. 
The change in slope coincided with an inverse inflexion of the car- 
boxylate curve and the quant i ty  of carboxylates began to rise. 
Apparently,  the util ization of ammonium became sufficiently re- 
duced to change the balance from ammonium in excess of bicar- 
bonate, with the corresponding breakdown of carboxylates, to 
bicarbonates absorbed in excess of ammonium, with the corres- 
ponding gain in carboxylates. 
Apart from some metabolism of sulphates, absorption of bicar- 
bonate in excess of ammonium provides the only source of carboxyl- 
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ates in plants grown with ammonium 6 ~1. Compared with nitrate, 
this process will furnish few carboxylates and substitution of am- 
monium for nitrate provides an efficient method of growing plants 
high in nitrogen and very low in carboxylate content. 
Plants, first grown with ammonium and then transferred to 
nitrate exhibit 'ammonium history': high in organic N, nitrate in 
the tissues, but low in carboxylate content. An example is shown in 
Fig. 4. Plants grown on ammonium and no K, contained only 0.25 
me of carboxylates per gram dry matter while organic N was high 
at 1.5 me per gram dry matter with no nitrate in the tissue. 
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Fig. 4. Effect on  ryegrass of replacing ammonium wi th  no potass ium in the 
supp ly  by  nitrate plus potass ium. The  plants were  first g rown on  5 me NH4;  
I me Mg;  0.3 me Ca; 6 me.  SO4;  0.3 me H2PO4 per liter, cut back  after 18 days  
and  transferred after another  I I days  of regrowth  to a test solution w i th  5 me 
K ;  I me Mg;  0.3 me Ca; 5 me NO3;  I me SO4;  0.3 me H~PO4 per liter shown 
by  solid symbols .  The  open symbo ls  refer to a parallel test w i th  NO3 replaced 
by  an additional 5 me SO4 per liter of test solution, where  organic N (not 
shown)  in the plants was  constant  at 45 me per pot. 
When K was  supplied with sulphate in place of nitrate (open 
symbols) carboxylate increased by  15 me representing the amount  
supplied by  uptake of bicarbonate. The  slope of the line relating dry 
weight and quantity of (C-A) is steeper than the I • i proportion- 
ality line indicating that even with sufficient K, bicarbonate uptake 
was  too small to supply the new growth with the normal  carboxylate 
content of I me per gram dry weight. Of course, the total amount  of 
organ ic  N ,  remained  unchanged at a round 45  me s ince there  was  none  
supp l ied  and  no  res idua l  n i t ra te  remained  in the  tissues. 
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When the plants were transferred to the test solution with potas- 
sium nitrate (solid symblos), an increment of 25 me of organic N and 
40 me of carboxylates was gained. Exhaustion of nitrate was evi- 
denced by the steep upward curvature of the curve for organic N 
toward the end of the test period. The 15 me of carboxylates made 
in excess of organic N came from absorbed bicarbonate which began 
to contribute to anion uptake after exhaustion of added nitrate. 
During the first 3 weeks on the test solution with nitrate, organic 
N increased in proportion to the dry weight at the high, constant 
level of 1.5 me per gram. Evidently, nitrate was utilized by the new 
growth in the same proportion as ammonium was by the old mate- 
rial during the pretreatment, he two ions being similar in this 
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Fig. 5. Effect on ryegrass, previously s tarved of potass ium and nitrogen, 
of adding potass ium and ni trate.  
The p lants  were previously s tarved of K by  regrowth on 5.3 me Ca; 1 me 
Mg; 5 me NOB; 1 me SOa; 0.3 me H2POe per l iter for 24 days, then  cut back  
and starved of N by  regrowth on 0.3 me Ca; 1 me ~g;  1 me SO4; 0,3 me t tePO4 
per l iter for another  15 days. 
At  zero t ime the p lants  were t ransferred to a tes~c solut ion wi th  5 me K;  
1 me Mg; 0.3 me Ca; 5 me NOa; 1 me SOa; 0.3 me H~POe per l iter shown by  
solid symbols. 
The open symbols refer to a paral lel  test  with the n i t rate  replaced by  an 
addi t ional  5 me SOe per liter, and whole-p lant  organic N (not shown) constant  
at  26 me per pot  
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respect. In the new growth the amount of carboxylates increased in 
proportion to the amount of new material added to the initial plant 
weight. This occurred at a rate of 1 me per gram, as evidenced by 
the slope which is nearly parallel to the 1 : 1 proportionality line. 
During the entire test period the whole-plant dry weight in- 
creased by a factor of 2. The old material contained 0.25 me per 
gram, and the new growth retained 1 me carboxylates per gram dry 
matter when nitrate was supplied. Consequently, the whole plant 
finally contained 0.65 me carboxylates per gram dry weight. Owing 
to the initially high nitrogen status, the old material had a fixed 
composition. Only the new growth could utlize nitrate and retain the 
normal carboylate content of 1 me per gram dry matter. 
The plants of Fig. 5 were initially low in organic N (1 me per gram 
dry matter) and in carboxylates (0.6 me per gram dry matter). When 
they were transferred to the test solution with nitrate, K, and the 
other nutrients, there was a direct increase in organic N of 20 me, 
and in carboxylates of 10 me (solid symbols) during an initial period 
of constant dry weight. Apparently, the old tissue starved of 
nitrogen began immediately to utilize nitrate and to produce car- 
boxylates in situ. Thereafter the dry weight began to increase and the 
amount of carboxylates retained by the plant varied hi proportion 
to the whole plant dry weight at a constant concentration of 0.9 me 
per gram, the normal value. The abscissae intervals indicate that 
the total increments were 80 me organic N and 65 me carboxylates. 
Evidently, nitrate was metabolized at a more than sufficient rate 
to raise the carboxylate concentration to the normal level and to 
keep it there throughout the test period, the excess being removed 
to the sink. 
With sulphate in place of nitrate in the test solution (open sym- 
bols) there was some gain in carboxylates but the concentration 
remained at the subnormal level of 0.6 me per gram dry matter. 
When the test solution containing 30 me nitrate was added once 
only, no renewals being made during the experiment, the increment 
in organic N was restricted to 30 me in the first 10 days. There was 
no further increase in quantity of organic N subsequently (Fig 6, 
solid symbols). Compared with the plants receiving sulphate in place 
of nitrate (Fig 6, open symbols), carboxylate production was en- 
hanced. At the dry weight level where nitrate was exhausted the 
two curves for carboxylate tended to the same slope of 0.4 me/ 
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gram, since from there on uptake and utilization of bicarbonates was 
the only source of carboxylates in both tests. Owing to the early 
exhaustion of nitrate, the carboxylate concentration i the dry 
material remained subnormal throughout. 
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Fig. 6. Same as Fig. 5. During the  test period the test solution was not 
renewed, the 30 me of nitrate supplied restr ict ing the incrci~ent of organic N 
to 30 me by complete xhaust ion of the soiulion of 6 hters. 
In the preceding experiment., nitrate was supplied with K. When 
instead of K, Ca was supplied with nitrate to previously N-starved 
plants (solid symbols in Fig. 7) there was a large increment ill or- 
ganic N, indicating that substantial amounts of nitrate were meta- 
bolized, but the quantity of carboxylates increased only slightly. 
The slower rate of absorption of Ca compared with K provided the 
plant with insufficient cations for the retention of more carboxylates 
in the tissues. When chloride was supplied instead of nitrate (open 
symbols), the amount of plant carboxylates remained unchanged. 
When nitrate was supplied to N-starved plants free from nitrate, 
the root tissues rapidly began to accumulate nitrate in the ionic 
form with a marked decrease in carboxylate concentration (Figs. 8, 
9 and 14). 
After pretreatment with ammonium chloride the plants were high 
in organic N and contained no nitrate and much lower concentra- 
tions of carboxylates. In these plants nitrate in the tissue increased 
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Fig. 7. Effect of supplying ryegrass previously starved of nitrogen, with 
nitrate, and calcium for potassium. 
Plants first grown for 15 days on complete solution, then starved of N by 
substituting bicarbonate for nitrate and further growth for another 17 days. 
The plants were transferred to a test solution with 5 me Ca; 1 me Mg; 0.3 me 
Ca; 5 me NOa; 1 me SO4; 0.3 me H2PO4 per liter shown by solid symbols. 
The open symbols concern aparallel test with chloride in place of nitrate in 
the test solution. 
Graph shows whole-plant organic N, carboxylates (C-A) in me and dry 
weights in grams per pot during 10 days on the test solution. Organic N in 
minus-nitrate st (not shown) was constant at 60 me per pot. 
All values tandarized on 40 me potassium inplants per pot, which was near 
to the average. 
only slightly and there was a distinct increase in carboxylate con- 
centration from the very low initial level in the roots (Fig. 10). 
Nitrate supplied to N-starved plants caused a direct increase both 
in the nitrate and in the carboxylate concentrations of the green 
tissues (Figs. 8 and 9). When the plants were initially high in organic 
N and nitrate was not metabolized, there was no increase in carboxy- 
late concentration i the shoot (Fig. 10). The same held for plants 
low in N when nitrate was added without K (Fig. 14). 
Nitrate supply evidently lead to decarboxylation i the roots; 
the bicarbonate formed exchanged for nitrate from the medium, 
part of the carboxylates in the root tissues being replaced by 
nitrates. When root-tissue carboxylate was initially low, the amount 
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Fig. 8. Changes in carboxylates (circles) and nitrate anion (triangles) con- 
centrations (me/kg d.m.) in the leaves (solid symbols) and in the roots (open 
symbols) of low-N, tow-K plants during 4 days after supplying with potassium 
and nitrate in a test solution. For treatments compare Fig. 5. 
Fig. 9. Same as Fig. 8 for similar plants. For treatments see Fig. 6. 
of nitrate accumulated was much reduced owing to a much smaller 
capacity of decarboxylation. This recalls the conclusion made in the 
introduction that sufficient carboxylates are required to initiate 
accumulation of anions such as nitrate. In the case of Fig. 10 bicar- 
bonates entered the roots even faster than nitrate and this caused the 
carboxylate concentration to rise. 
Of course, the fall in carboxylates i  not equivalent to the rise in 
nitrate in the roots, but to the excess of all anions over the cations 
absorbed from the supplied salts. The effect of nitrate was pro- 
nounced since it was readily absorbed (Fig. 14), but chloride showed 
a similar effect although not to the same extent (Fig. 15). 
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It is interesting to find that while the carboxylate concentration 
in the roots declined, that in the shoot incresased as the immediate 
response to nitrate supply. Nitrate was retained in the ionic form 
by the roots at the expense of carboxylates, but was directly metabo- 
lized in the shoot with an increase in carboxylates, The decline in the 
roots recalls the response of excised roots to excess anion uptake 
from supplied salts, the supply with carboxylates being conditioned 
by the foliar metabolism and transport system of the intact growing 
plant. 
The expected opposite effect of the removal of nitrate from the 
supply is illustrated by Figs. 11 and 12. There was an immediate 
increase in carboxylate concentration of the roots due to bicarbonate 
uptake. In the shoot it fell as a result of the discontinuity in the 
supply of nitrate to the metabolic process. 
The only treatment which caused the carboxylate content o fall 
in all plant parts was the replacement of potassium nitrate by am- 
monium chloride (Fig. 13). This could have been simply a reflection 
CHANGES IN CARBOXYLATE CONTENT OF RYEGRASS 385 
me./kg d.m. me,/kg d.m. 
12oo I L r 12oo 
1000 1000 
D .. .- I  P ~t  P-..~. ~ 
800 ~"  C-  A) 800 
/ .  ~'( 
600 600 
/ /  i 
,00,i\ r ,00 
i 
200 ~'~ 200 
o ',--~ o 
0 5 0 5 
days days 
Fig. l 1. Fig. 12. 
Fig. 11. Changes in carboxylates (circles) and nitrate (triangles) concentra- 
tions after replacing potassium nitrate by calcium chloride in the supply. 
Solid symbols: foliage; open symbols: roots. For treatment compare Fig.2. 
Fig. 12. Results of an experiment similar to that of Fig. 11. 
of storage of NH4C1 in the tissues which neutralized ash-alkalinity 
during the ashing of the sample. But it is known that absorbed 
ammonium is completely metabolized to organic N in all plant parts 
so that it is a combination of decarboxylation a d dilution by growth 
of the carboxylates present when the treatment was changed (com- 
pare Fig. 3). 
CONCLUSIONS 
The picture outlined in the introductory sections is based on the 
ionic equations of ion migration into the plant and of the metabolic 
consumption of absorbed nitrates, bicarbonates, and ammonium 
salts. Anions of a mixture of nutrient salts with nitrates as the 
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Fig. 13. Changes in carboxylates during 
four days after transferring from a complete 
solution with nitrate and potassium, to a 
solution with ammonium chloride and no K. 
Nitrate was nearly exhausted prior to trans- 
fer so that nitrate was low and (C-A) high in 
the roots at zero time. 
For treatments see Fig. 3. 
source of N move into the root in excess of cations, leading to de- 
carboxylation i the root tissues. In addition, H + is transferred with 
the nutrient ions by the xylem system to the shoot. In the foliage, 
the H+ is neutralized by metabolism of its equivalent of nitrate. The 
remainder of the metabolized nitrate equivalents received by the 
foliage in balance with metallic cations are transformed into car- 
boxylates. 
The foliage retains carboxylates in proportion to dry matter 
(1 me/gram), the excess being exported with other assimilates to the 
roots, thus supplying carboxylates for the maintenance of concen- 
tration in the root tissue and for decarboxylation with production of 
HCO~ for anion exchange. 
The cycle proceeds fast enough only when K is supplied in ad- 
dition to nitrate and the other salts and when the growth and the 
metabolism can proceed, since K is the only cation of unrestrained 
migration to all tissues. 
The constancy of the carboxylate concentration i  the dry matter 
seems to result simply from the fact that the process is completed 
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Fig. 14. Changes in carboxylate (C-A) and nitrate anion concentrations in 
the dried material of foliage (solid symbols) and roots (open symbols) after 
transferring from a solution with potassium bicarbonate to a test solution 
with calcium nitrate. For treatments compare Fig. 7. (C-A) in the roots 
initially high owing to pretreatment with bicarbonate in place of nitrate. 
Fig. 15. The parallel test of Fig. 14 with calcium chloride in place of calcium 
nitrate in the test solution. Squares: chloride; solid symbols: foliage; open 
symbols; roots. For treatments see Fig. 7. 
in the new growth, the proportion of carboxylatres to dry matter 
being fixed prior to variations in water and ion contents which may 
result from differences in plant age and environmental conditions. 
With regard to whole plant composition, all temporal changes 
induced by discontinuity in the nutrient supply proceed continously. 
Regarding shoot and root, there is a difference caused by the spatial 
separation of accumulation and metabolism ofnitrate. When nitrate 
is supplied, there is a decline in carboxylate concentration i the 
roots, carboxylates being replaced by nitrates as a result of decar- 
boxylation and exchange of HCO~- for nitrate anions from the 
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medium. Nitrate metabolism in the foliage, however, supplies suf- 
ficient carboxylates to the shoot to raise the carboxylate concentra- 
tion in the green tissues to the normal value in a few days. 
When nitrate is removed from the medium further uptake of salt 
cations proceeds in excess of the anions from the supplied salts, with 
equivalent entrance of HCO{. The carboxylate concentration i the 
roots is raised by conversion of the bicarbonate, but the rate of 
transfer to the shoot is low. The net result is a reduced supply of 
carboxylates and a progressive decline in the carboxylate concen- 
tration of the whole plant. 
When nitrates are replaced by ammonium salts, carboxylate 
production in the plant may continue as HCO~ is absorbed in excess 
of NH +, this excess being balanced by the metallic cations and re- 
tained as the carboxylates. The process is slow and the carboxylate 
concentration i the whole plant falls rapidly when growth continues. 
In the presence of readily absorbed, unmetabolized chloride, bicar- 
bonate uptake may be replaced to such an extent that part of the 
NH + is balanced by CI-. On metabolism, this yields hydrochloric 
acid in the tissues which is neutralized by decarboxylation so that 
part of the carboxylates i  converted into chlorides. This is the only 
case where the absolute amount of carboxylates in the whole plant 
was found to decline. 
SUMMARY 
A detai led scheme of carboxylate format ion and re tent ion  by  p lant  t issues 
as a result of ion uptake  and ut i l izat ion is given. 
By  means of discontinuit ies in the supply wi th  nut r ient  ions, carboxylate  
retent ion by  the tissues of perennia l  ryegrass was followed as a funct ion of 
growth. I t  was found that  t rans locat ion of potass ium n i t rate  to the shoot and 
subsequent  n i t rate  metabol ism was the only process capable of supply ing the 
shoot  wi th  sufficient carboxylates and of removing the excess from the 
foliage to the root system with  maintenance of the normal  carboxy late  con- 
tent.  Absorbed b icarbonate  was a good source of carboxylates in the roots, 
but  the rate of t rans locat ion to the p lant  tops was too slow- relat ive to growth. 
Therefore, the carboxylate concentrat ion i  the foliage fell progressively to 
one half the normal  value. 
Constancy of carboxylate concentrat ion i  the dry mat ter  was related to 
the early estab l i shment  of the proport ion of carboxylates to dry mater ia l  in 
the new growth, making it independent  of subsequent  changes in water  
content  of the  tissues. 
Changes in carboxylate concentrat ions due to changes in the supply were 
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cont inuous  w i th  t ime.  hTitrate caused  a depress ion  in the  roots  dur ing  n i t ra te  
accumulat ion ,  but  the  n i t ra te  metabo l i sm in the  fol lage made suf f i c ient  
carboxy la tes  ava i lab le  for  rep len ishment  and  maintenance  of the i r  normal  
level  ill the  who le  p lant .  
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